The tumour suppressor PTEN (phosphatase and tensin homologue deleted on chromosome 10; a phosphatidylinositol 3-phosphatase) is a multifunctional protein deregulated in many types of cancer. It is suggested that a number of proteins that relate with PTEN functionally or physically have not yet been found. In order to search for PTEN-interacting proteins that might be crucial in the regulation of PTEN, we exploited a proteomics-based approach. PTEN-expressing NIH 3T3 cell lysates were used in affinity chromatography and then analysed by LC-ESI-MS/MS (liquid chromatography-electrospray ionization-tandem MS). A total of 93 proteins were identified. Among the proteins identified, we concentrated on the E3 ubiquitin-protein ligase Nedd4 (neuralprecursor-cell-expressed, developmentally down-regulated gene 4), and performed subsequent validation experiments using HeLa cells. Nedd4 inhibited PTEN-induced apoptotic cell death and, conversely, the Nedd4 level was down-regulated by PTEN. The down-regulation effect was diminished by a mutation (C124S) in the catalytic site of PTEN. Nedd4 expression was also decreased by a PI3K (phosphoinositide 3-kinase) inhibitor, LY294002, suggesting that the regulation is dependent on the phosphatasekinase activity of the PTEN-PI3K/Akt pathway. Semi-quantitative real-time PCR analysis revealed that Nedd4 was transcriptionally regulated by PTEN. Thus our results have important implications regarding the roles of PTEN upon the E3 ubquitin ligase Nedd4 as a negative feedback regulator as well as a substrate.
INTRODUCTION
PTEN (phosphatase and tensin homologue deleted on chromosome 10; a phosphatidylinositol 3-phosphatase) is a tumour suppressor gene inactivated in many common malignancies, including glioblastoma, melanoma and endometrial, lung and prostate cancers [1] . The importance of PTEN is underscored by the observation that it is frequently mutated, deleted or dysregulated in various human cancers [2, 3] . PTEN regulates cell-survival signalling through the PI3K (phosphoinositide 3-kinase)/Akt pathway. In particular, PTEN dephosphorylates the D3 position of the key lipid second messenger PIP 3 (phosphatidylinositol 3,4,5-trisphosphate). PIP 3 is produced by PI3K once activated by receptor tyrosine kinases, activated Ras or G-proteins, and then stimulates several downstream targets, including the serine/threonine protein kinase Akt (also known as protein kinase B) [4] . Activated Akt protects cells from apoptotic death by phosphorylating substrates such as BAD (Bcl-2/Bcl-X L -antagonist, causing cell death), pro-caspase 9 and forkhead transcription family members [5] .
Various reports have indicated that PTEN is regulated by multiple post-translational mechanisms such as phosphorylation. PTEN has two canonical PEST motifs, which is a signature in many short-lived proteins degraded by the ubiquitin pathway. Indeed, PTEN levels within the cell are controlled predominantly through the ubiquitin-proteasome pathway [6] , and Nedd4 (neural-precursor-cell-expressed, developmentally down-regulated gene 4), an E3 ubiquitin-protein ligase, has recently been described as having specificity for PTEN [7] . Nedd4 is a HECT (homologous with E6-associated protein C-terminus) E3 ubiquitin ligase that specifically ubiquitinates and degrades PTEN to maintain the protein levels during normal cellular resting conditions.
The crucial function of PTEN in multiple cellular processes and its involvement in human diseases suggest that the enzyme needs to be deliberately regulated in vivo [8] . Proteins form multimeric complexes with potential substrates and regulatory proteins that in turn influence their biological activity. Because PTEN plays a critical role in the regulation of multiple signalling pathways, determination of its interacting proteins and those that form the complex of proteins within its interactome may provide novel insights as to its function [9] . The emerging field of proteomics provides a powerful means by which to carry out functional studies of protein-protein interactions and characterization of signal transduction pathways [10, 11] . This is mainly due to advances in protein sample preparation, analytical sensitivity of mass spectrometers and improvements in instrument software and protein databases [9] .
In the present study, we describe a proteomic application in which Nedd4 is identified as an interacting partner of PTEN and a series of experiments reveal that the functional activity of PTEN regulates Nedd4 gene expression. We suggest a negative feedback regulation mechanism of the E3 ubiquitin ligase by its substrate.
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EXPERIMENTAL

Cell culture
NIH 3T3 (mouse embryonic fibroblast) and HeLa (human epithelial carcinoma) cells were cultured in DMEM (Dulbecco's modified Eagle's medium; Invitrogen), supplemented with 10 % (v/v) fetal bovine serum (Invitrogen), 100 units/ml penicillin and 100 μg/ml streptomycin. All cells were cultured at 37
• C in a humidified 95 % air/5 % CO 2 incubator. PTEN-expressing NIH 3T3 cells were kindly provided by Young Yil Bahk at Yonsei University (Seoul, Korea). LY294002 (Sigma) and Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone) (BD Biosciences) were prepared in DMSO and cells were treated with these reagents as described below.
Plasmid and transient transfection
The plasmid for the HA-PTEN (where HA is haemagglutinin) fusion protein was constructed by inserting human full-length PTEN cDNA into the pCGN vector [12] . The plasmid for p3Xflag-Nedd4 was a gift from Fadila Bouamr at the National Institutes of Health (Bethesda, MD, U.S.A.). NIH 3T3 and HeLa cells were seeded at a density of 1 × 10 6 cells in a 100-mm dish and at a density of 5 × 10 5 cells in a 60-mm dish prior to transfection. At 24 h after transfection, cells were transiently transfected with plasmids using PolyFect reagent (Qiagen) according to the manufacturer's protocol or using the calcium phosphate precipitation method [13] .
Affinity chromatography
The PTEN-expressing NIH 3T3 cell lysates were prepared in lysis buffer [20 mM Tris/HCl (pH 7.4), 0.5 % Nonidet P40, 150 mM NaCl, 10 % (v/v) glycerol, 1 mM Na 3 VO 4 , 1 mM PMSF, 1 μg/ml pepstatin A, 1 μg/ml aprotinin and 1 μg/ml leupeptin]. The prepared lysates were incubated with anti-PTEN monoclonal antibody-conjugated agarose (Santa Cruz Biotechnology) at 4
• C for 6 h. Unbound proteins were removed by washing five times using PBS with 0.5 % Nonidet P40. Then, proteins were eluted with a synthetic peptide of 13 amino acid residues dissolved in PBS. The peptide sequence corresponds to the epitope for the PTEN monoclonal antibody (E 388 NEPFDEDQHTQI 400 ).
Protein digestion and MS
The buffer of eluted sample was changed to 25 mM ammonium bicarbonate by repeated ultrafiltration using a 3000-Da-cut-off filter (Millipore). The concentrated proteins were digested with trypsin (Promega) overnight and were dried using a vacuum evaporator. Tryptic peptides were analysed by LC-ESI-MS/MS (liquid chromatography-electrospray ionization-tandem MS). A binary nanoflow HPLC system (1100 series, Agilent) was directly coupled to an LCQ quadrupole ion-trap mass spectrometer (Thermo Electron) with automatic gain control to avoid space charge limitations. In-house reversed-phase column (5-μm C 18 material, column dimension 75 μm × 13 cm) was used at a flow rate of 200 nl/min. Gradient elution of the peptide sample was achieved using 95 % solvent A (0.1 % formic acid in water) to 40 % solvent B (0.1 % formic acid in acetonitrile) over 75 min. For the analysis of tandem mass spectral data, we constructed and used a coupling system with both the SEQUEST database search engine and the Trans-Proteomic Pipeline (TPP; Version 2.9.5; INTERACT, PeptideProphet TM , ProteinProphet TM ) provided from the Institute for Systems Biology [14] . SEQUEST searches were performed against a regularly updated version of the mouse protein database from the European Bioinformatics Institute including known contaminants (IPI, versions 3.14, www.ebi.ac.uk/IPI/).
Immunoprecipitation
HeLa cells were harvested and lysed in the lysis buffer. After 30 min incubation on ice, lysates were sonicated and centrifuged at 4
• C at 13 000 g for 10 min to precipitate insoluble debris. Cell lysates were incubated with non-specific IgG (Santa Cruz Biotechnology) or an anti-PTEN antibody (Santa Cruz Biotechnology) (3 μg per 300 μg of cell lysate) at 4
• C overnight. Protein A-Sepharose (Amersham BioScience) was added and incubated for an additional 4 h at 4
• C. The immobilized proteins were collected by centrifugation (6000 g for 1 min at 4
• C), washed five times with PBS/0.5 % Nonidet P40, and solubilized by boiling for 5 min in SDS/PAGE sample buffer [12 mM Tris/HCl (pH 6.8), 5 % glycerol, 0.4 % SDS, 3 mM 2-mercaptoethanol and 0.02 % Bromophenol Blue].
Fluorescence microscopy
HeLa cells were plated on to glass coverslips at a density of 7 × 10 3 cells/ml in six-well dishes. The cells were transiently transfected with HA-tagged PTEN, Flag-tagged Nedd4 or both. At 36 h after transfection, cells were washed three times with PBS, fixed in 4 % paraformaldehyde dissolved in PBS for 20 min and stained with DAPI (4 ,6-diamidino-2-phenylindole; Roche) for 30 min. Coverslips were mounted in 10 % glycerol and examined under a fluorescence microscope (Axioskop; Zeiss).
Western blot analysis
Cells were harvested, washed twice with PBS and lysed in lysis buffer. After 30 min incubation on ice, lysates were sonicated and spun at 4
• C at 13000 g for 10 min to precipitate insoluble debris. Proteins were fractionated by SDS/PAGE, transferred on to a nitrocellulose membrane (Bio-Rad), blocked with 5 % (w/v) non-fat dried skimmed milk and incubated with specific antibodies. Antibodies against PTEN (Santa Cruz Biotechnology and Cell Signaling), Nedd4 (Abcam), Flag (Sigma), HA (Sigma and Roche), XIAP (X-linked mammalian inhibitor of apoptosis protein; Stressgen) and β-actin (Sigma and Santa Cruz Biotechnology) were used as primary antibodies. The concentrations used for the antibodies varied according to the manufacturer's recommendations. Blots were washed three times with TTBS buffer [20 mM Tris (pH 7.4), 150 mM NaCl, and 0.05 % Tween 20] and were then incubated with a horseradish-peroxidaseconjugated secondary antibody for 1 h at room temperature (25 • C), and then developed with a chemiluminescence detection system (Amersham BioScience and Pierce).
siRNA (small interfering RNA)
HeLa cells were transfected with PTEN siRNA or scrambled siRNA as a negative control using siPORT NeoFX (Ambion) according to the manufacturer's instructions. The PTEN siRNA (Silencer PTEN siRNA, ID number 114050) and non-specific control siRNA (Silencer Negative Control number 1 siRNA) were purchased from Ambion. Transfection complexes were prepared in Opti-MEM serum-free medium (Invitrogen) by mixing 7 μl of siPORT NeoFX Transfection Reagent and 10 nM PTEN siRNA for 10 min. HeLa cells (2.3 × 10 5 cells/well) were plated in a six-well format simultaneously with addition of transfection complexes. Cells were incubated for 48 h, and the cell lysates were subjected to immunoblot analysis for PTEN and Nedd4.
RNA extraction and quantitative RT (reverse transcriptase)-PCR
HeLa cells were seeded at a density of 1 × 10 6 cells/well in a 100-mm-diameter dish prior to transfection. At 24 h after transfection, cells were transiently transfected with PTEN. At 30 h after transfection, total RNA was isolated using TRIzol ® reagent (Invitrogen) according to the manufacturer's protocols. cDNA synthesis was performed in 384-well plates; each reaction mixture consisted of 2 μg of total RNA, 0.5 μl of 10 μmol/l random primer and 3.2 μl of dNTPs. The mixture was incubated at 70
• C for 5 min and then cooled on ice for 1 min. Then, 1 μl of RT and 4 μl of 5 × buffer [250 mM Tris/HCl (pH 8.3), 50 mM MgCl 2 , 50 mM dithiothreitol and 200 mM KCl] were added and the total volume was adjusted to 20 μl. The reacted sample was incubated at 42
• C for 1 h and inactivated at 70
• C for 15 min. Realtime PCR was carried out on a 7900HT real-time PCR System (Applied Biosystems) using a reaction mixture with SYBR Green Master Mix (Applied Biosystems). Real-time quantitative PCR was performed in triplicate in 384-well plates; each 20 μl reaction mixture consisted of 10 μl of SYBR Green Master Mix and 0.5 μl of 10 μmol/l forward and reverse primers of Nedd4 and 18S rRNA. The cycle for PCR used was as follows: 40 cycles of 95
• C for 30 s, 60
• C for 30 s and 72
• C for 30 s. The specific sequences of the primers designed to span within the Nedd4 gene were 5 -GGAGTTGCCAGAGAATGGTT-3 (forward) and 5 -TTGCCATGATAAACTGCCAT-3 (reverse). The primers for 18S rRNA were 5 -CGGTACAGTGAAACTGCGAA-3 (forward) and 5 -TCTGATAAATGCACGCATCC-3 (reverse). Each of the 384-well real-time quantitative PCR plates included serial dilutions (1.0, 0.5, 0.25, 0.125 and 0.0625) of cDNA, which were used to generate relative standard curves for Nedd4 and 18S rRNA. The level of specific mRNA was quantified at the point where the upstroke of the exponential phase of PCR accumulation was detected and normalized to the level of 18S rRNA in sample.
RESULTS AND DISCUSSION
Proteomic analysis identified Nedd4 as a PTEN-interacting protein
Application of the tools of MS-based proteomics offers a new way to analyse protein-protein interactions by identifying proteins that are co-immunoprecipitated with a bait protein [15] . Since we were specifically interested in PTEN-interacting proteins, we performed affinity-chromatography with an anti-PTEN antibody on PTEN-overexpressing NIH 3T3 cell extracts and then LC-ESI-MS/MS was performed on the trypsin-digested purified samples, as shown in Figure 1(A) . In a search for proteins interacting more specifically with PTEN, we used an anti-PTEN monoclonal antibody directly coupled to supporting resin in the affinity-chromatography step instead of a protein-G-based indirect coupling method. This enabled reduction of the interference in the LC-MS/MS step that might otherwise be incurred from large amounts of immunoglobulins (results not shown). Furthermore, PTEN and the putative partner proteins were eluted from the resin by a synthetic peptide of 13 amino acid residues that corresponded to the epitope for the monoclonal antibody (E 388 NEPFDE-DQHTQI 400 ). The elution by a competition with peptide is more specific than elution under acidic conditions with 0.1 M glycine (pH 2.5) or with sample buffer for gel electrophoresis [16] .
Many proteins identified by the LC-ESI-MS/MS (see Supplementary Table S1 at http://www.BiochemJ.org/bj/412/ bj4120331add.htm) were enzymes and proteins believed to be of high abundance within cells. A recent publication has reported an analysis of PTEN interacting proteins by in vitro and in silico proteomics [9] . As in this previous report [9] , proteins such as elongation factors (1-α, β and γ and 2), fatty acid synthase, actin, tubulin, glyceraldehyde-3-phosphate dehydrogenase and heat-shock proteins were identified in the present study. Most importantly, the bait protein PTEN was confidently identified by multiple MS/MS spectra. Eleven unique peptides of PTEN were identified, providing 31.3 % amino acid coverage of the protein (Supplementary Table S1 ). This indicates that our affinity chromatography truly enriched PTEN. Among the proteins identified was the E3 ubiquitin-protein ligase Nedd4. Two peptides were identified covering 4.2 % of the Nedd4 sequence. Tandem mass spectra corresponding to the two tryptic peptides are shown in Figure 1(B) . Most of the highly intense mass peaks belong to one of two main fragmentation series (b the amino and y the carboxy series according to the fragment-ion nomenclature).
To demonstrate the in vivo interaction between endogenous PTEN and Nedd4, we conducted co-immunoprecipitation analysis using HeLa cells (a human epithelial carcinoma cell line). The cell extract was incubated with an anti-PTEN antibody, and the recovery of co-precipitated Nedd4 protein was assessed by immunoblotting with an anti-Nedd4 antibody. The Nedd4 signal was observed in the cell extract precipitated with the PTEN antibody, but not with a non-specific antibody ( Figure 1C ). Our coimmunoprecipitation results demonstrate that PTEN and Nedd4 associate endogenously, in agreement with the MS data obtained with a PTEN-overexpressing cell line.
Nedd4 blocks PTEN-induced cell apoptosis
With the established co-purification of Nedd4 with PTEN, we tried to elucidate the in vivo function of Nedd4 in relation to PTEN cell survival and apoptosis. HeLa cells were transfected with PTEN, Nedd4 or both, and cell morphology was monitored by fluorescence microscopy after DAPI-staining as well as phasecontrast microscopy at 3 days after seeding cells. It is well known that PTEN induces growth arrest and apoptotic cell death [17] [18] [19] [20] , and our result coincided with these previous findings. Although the HeLa cells transfected with PTEN alone underwent apoptotic cell death, this was inhibited when cells were co-transfected with Nedd4 ( Figure 2 ). This result strongly suggests that Nedd4 blocks apoptosis induced by PTEN in cells and thus could be a key regulator of cell survival and cell death.
Nedd4 down-regulates PTEN and up-regulates XIAP
As Nedd4 protects cells from PTEN-induced apoptosis, we investigated the relationship between Nedd4 and PTEN at the molecular level. HeLa cells were transfected with Flag-tagged Nedd4. Immunoblotting for endogenous PTEN revealed that Nedd4 led to measurable down-regulation of PTEN, presumably due to its proteasomal degradation ( Figure 3A , compare lane 1 with lanes 2 and 3). The extent of down-regulation depended on the amount DNA used for transfection. Recently, Wang et al. [7] reported that Nedd4 serves as an ubiquitin-protein ligase for PTEN in HEK (human embryonic kidney)-293T cells and provides PTEN for the proteasome. The results of our present study are consistent with those of this previous study and, without any further evidence for the ubiquitination of PTEN in HeLa cells, it would be reasonable to conclude that the down-regulation of PTEN is due to ubiquination followed by proteasomal degradation.
The cytosolic protein XIAP is the major endogenous inhibitor of the caspase family of proteases involved in the execution phase of apoptosis. It has been shown previously that tumour cells express high levels of XIAP [21] , and its overexpression is responsible for the inability of several tumour types to activate programmed cell death [22] . Therefore we investigated the effect
Figure 1 Affinity chromatography followed by LC-ESI-MS/MS identified Nedd4 as a PTEN-interacting protein
(A) Schematic diagram of the strategy used for identification of PTEN-binding proteins. Affinity chromatography was performed on the cell lysate obtained from PTEN-overexpressing NIH 3T3 cells using anti-PTEN-monoclonal-antibody-conjugated agarose. Purified proteome sample was digested with trypsin and the resultant peptides were analysed by C 18 reversed-phase LC-ESI-MS/MS. (B) MS analysis output identifying Nedd4 among the PTEN-interacting proteins. The SEQUEST database search output for two selected precursor ions are presented. MH + , theoretical mass for the singly charged molecular ion; Cn, delta correlation; Xcorr, cross-correlation score. Tandem mass spectra for the two selected precursor ions are shown below. Spectra were generated using the Trans Proteomic Pipeline. (C) Co-immunoprecipitation of Nedd4 with endogenous PTEN. HeLa cells were lysed and 300 μg of cell lysates were incubated with an anti-PTEN antibody at 4 • C overnight and the antibody was precipitated with Protein A-Sepharose for 4 h at 4 • C. Control mouse IgG was used as a negative control for the immunoprecipitation. Western blot analysis was performed on the precipitate with anti-Nedd4 and anti-PTEN antibodies. IP, imunoprecipitation. of Nedd4 on the expression level of XIAP. The expression level of XIAP is largely dependent on the PI3K/Akt survival signal, and the PI3K inhibitor LY294002 inhibits Akt phosphorylation [23] . Treatment of HeLa cells with 10 μM LY294002 led to down-regulation of XIAP ( Figure 3B ). This downregulation also occurred when PTEN was overexpressed instead ( Figure 3C, lane 2) . PTEN-induced down-regulation of XIAP was overcome by co-expression of Nedd4, as can be seen in the Western blot analysis obtained at 40 h post-transfection with the HA-tagged PTEN and Flag-tagged Nedd4 ( Figure 3C ). Our present results, together with those obtained by Wang et al. [7] , suggest that Nedd4 regulates the level of PTEN by ubiquitination and thereby controls the PI3K/Akt survival signal. 
PTEN induces cell apoptosis and Nedd4 inhibits its apoptotic activity
HeLa cells were transiently transfected with mock, HA-tagged PTEN, Flag-tagged Nedd4 or both. At 36 h post-transfection, cell morphology was monitored by phase-contrast microscopy (first and second columns). Cell nuclei were stained using DAPI and visualized using a fluorescence microscope (third column). Representative pictures for each set of experiments are shown. Apoptotic cells were identified by nuclear condensation and fragmentation after DAPI staining as indicated by arrows. compared with 3C). Furthermore, Nedd4 did not show a dosedependent expression level when co-transfected with PTEN. As a result of these findings we wanted to investigate the regulation of Nedd4 and the role of PTEN in this regulation.
In order to investigate this, we used a simple experimental design: HeLa cells were transfected with various amounts (0, 0.75, 1.5 or 3 μg) of HA-tagged PTEN and the endogenous Nedd4 was assayed by Western blot. Overexpression of PTEN led to down-regulation of Nedd4 in a DNA-dose-dependent manner ( Figure 4A ). Transfection with 3 μg of PTEN reduced Nedd4 expression by approx. 45 %. At this amount of PTEN plasmid, even β-actin that was used for normalization to account for experimental differences was slightly decreased in the same amount of total protein, indicating that the high level of PTEN expression caused a reduction in the β-actin content. Nevertheless, it is clear that overexpression of PTEN induced down-regulation of Nedd4. We next examined the effect of the siRNA knockdown of PTEN on the expression of Nedd4. Exposure to PTEN siRNA was able to significantly reduce the amount of the protein in the HeLa cells. Western blot analysis demonstrated that knockdown of PTEN expression by siRNA increased Nedd4 expression in the cells ( Figure 4B) . Altogether, the results suggest that expression of Nedd4 is inversely dependent on the level of PTEN.
To determine whether down-regulation of Nedd4 by PTEN is associated with the phosphatase activity of PTEN, we tested the effects of the mutation at the catalytic site of PTEN (C124S) or the PI3K inhibitor LY294002 on the expression of Nedd4. Nedd4 expression was partially recovered when cells were transfected with mutant PTEN instead of wild-type PTEN suggesting that phosphatase activity of PTEN is responsible for the downregulation of Nedd4 ( Figure 4C) .
Consistent with the reverse role for PI3K against PTEN, Nedd4 expression decreased as compared with the DMSO-treated control ( Figure 4D ) in HeLa cells that were treated with 10 μM LY294002 for 30 h. Since the Akt cell-survival signalling pathway is blocked by either PTEN overexpression or PI3K inhibition by LY294002 [24] , our findings that Nedd4 expression was decreased in both cases, suggest that cell-death inhibition by Nedd4 is dependent on the phosphatase/kinase activity of the PTEN/PI3K/Akt pathway.
Caspases are not responsible for the PTEN-induced down-regulation of Nedd4
The proteins that are targeted specifically for degradation by caspases are likely to play some vital role in the apoptotic process. Nedd4 was shown to be cleaved during Fas-mediated apoptosis in Jurkat cells but is completely inhibited in the presence of the general cell-permeable caspase inhibitor Z-VAD-FMK, suggesting that cleavage of Nedd4 is dependent on the onset of apoptosis and is mediated by caspases [25] . To determine whether down-regulation of Nedd4 is mediated by caspase in PTENoverexpressing cells, HeLa cells were transfected with PTEN in the presence of the caspase inhibitor Z-VAD-FMK (10 μM). As shown in Figure 5 , Z-VAD-FMK did not exert an inhibitory effect on the down-regulation of Nedd4. The expression level of Nedd4 was still decreased in PTEN-transfected HeLa cells in the presence of Z-VAD-FMK or DMSO which was used as a vehicle for the drug. This result suggests that the decrease of Nedd4 expression by PTEN transfection is independent of caspase activity.
Nedd4 is transcriptionally regulated by PTEN
On the basis of a previous study showing a reverse correlation of Nedd4 mRNA levels with PTEN protein levels in human bladder cancer samples [7] , we speculated that PTEN may control the amount of Nedd4 at the transcriptional level. To obtain further insight into the mechanism by which PTEN regulates Nedd4 gene expression, we also analysed the mRNA levels of Nedd4 upon PTEN transfection by semi-quantitative RT-PCR. The mRNA level of Nedd4 was down-regulated in a similar manner to the protein expression level by PTEN transfection ( Figure 6A ). In the RT-PCR experiment, 18S rRNA was used for normalization.
Glyceraldehyde-3-phosphate dehydrogenase, β-actin, ubiquitin and 18S rRNA are several of the most common endogenous standards currently in widespread use, among which 18S rRNA has been confirmed as the most stable throughout different cell types [26, 27] . Furthermore, the expression level of β-actin was also reduced by the transfection of 3 μg of PTEN DNA ( Figure 4A ). Therefore we chose 18S rRNA for normalization as this showed the least variation within a fixed amount of protein in different cell types. Owing to the fact that PTEN-mediated down-regulation of Nedd4 at the protein level was observed at the transcriptional level, we suggest that the protein level of Nedd4 might be modulated by transcriptional activities.
Can other apoptosis-inducing proteins down-regulate Nedd4 gene expression? Palmer et al. [28] performed a cell-based microarray to follow the transcriptional events associated with apoptosis. They transfected HEK-293T cells with a plasmid containing one of the apoptosis-inducing proteins (see below) or treated the cells with staurosporine, an anti-cancer drug, and observed the expression profiling microarray. The resultant data were deposited in ArrayExpress (http://www.ebi.ac.uk), from which we could retrieve and analyse the original microarray data. The proteins they overexpressed in HEK-293T cells were ACO1 (aconitase), XBP1 (X-box binding protein 1) and STK3 The microarray analysis was performed at 24 h post-transfection and at 24 h after the anti-cancer drug treatment. We retrieved and reprocessed the raw data that had been previously deposited by Palmer et al. [28] in ArrayExpress (http://www.ebi.ac.uk/arrayexpress). In the experiment, RNA samples were prepared at 12, 24 and 48 h after transfection. Labelled RNA samples were then hybridized to the Affimetrix HG-U133 GeneChip and the data was quantified using Robust Multivariate Analysis (RMA). Only the 24 h data for the probe 213012_at are shown because the other time-point data and the data for the other probe also showed little change compared with the control.
(serine/threonine-protein kinase 3). ACO1 is an iron-responsiveelement-binding protein and is required for the tricarboxylic acid cycle and is also independently required for mitochondrial genome maintenance [29, 30] . Overexpression of ACO1 will affect iron homoeostasis. XBP1 is a transcriptional repressor; expression is induced by stress or starvation during mitosis and late in meiosis [31] [32] [33] . STK3 is a stress-activated, pro-apoptotic kinase [34] [35] [36] . As shown in Figure 6 (B), the gene expression of Nedd4 was not so much perturbed by the transfection with ACO1, XBP1 or STK3, unlike PTEN transfection. Nedd4 mRNA was also stable upon staurosporine treatment. Our results, together with the microarray data of Palmer et al. [28] , suggest that gene expression of Nedd4 is not regulated by overall cell proliferation status, but is controlled specifically by PI3K/Akt/PTEN signalling.
Conclusions
PTEN can exist in a stable complex with several substrate proteins and can also interact with many proteins that do not serve as substrates, but may rather play a regulatory role in its function [9] . In the present study, we analysed PTEN protein complexes by LC-ESI-MS/MS and identified Nedd4 as a PTEN-interacting protein. Nedd4 is a HECT-domain E3 ubiquitin-protein ligase that has been shown to be able to ubiquitinate PTEN by Wang [7] . It is assumed that down-regulation of PTEN by Nedd4 in HeLa cells is also induced by the ubiquitin-proteasome system. Conversely, PTEN-PI3K/Akt activity regulates Nedd4 gene expression. Higher phosphatase activity leads to down-regulation of Nedd4. Ub, ubiquitin.
et al. [7] . Therefore the interaction of Nedd4 with PTEN is a kind of substrate recognition by E3 ligase. On the other hand, Nedd4-2, an alternative splicing variant of Nedd4, recognizes different substrates and serves as an E3 for epithelial and cardiac voltagegated sodium channels [37, 38] . Our LC-MS/MS data clearly showed that Nedd4, and not Nedd4-2, was co-purified by PTEN affinity chromatography. The present finding and those of previous investigations have demonstrated that Nedd4 can decrease the protein levels of PTEN and address the role of Nedd4 as a partner that mediates PTEN degradation as an important mediator of the cell survival/apoptosis pathway.
In the present study we have shown that Nedd4 can inhibit PTEN-induced apoptosis in cells and its expression is conversely and negatively regulated by the transient transfection of PTEN. As PTEN induces an apoptotic cell death in cells, one could argue that the Nedd4 down-regulation is a consequence of apoptotic cell death rather than being directly attributable to PTEN itself. However, the results of the present study have clearly shown that down-regulation of Nedd4 is PI3K/Akt pathway-dependent and is not regulated by caspase-mediated degradation. The PTENmediated down-regulation of Nedd4 was observed both at the protein and mRNA level, and this reduced gene expression was not observed in any apoptotic process other than PTEN-induced cell death. This is the first demonstration of the ability of PTEN and the related Akt signalling to down-regulate the expression of a gene whose relevance to PTEN is clearly evident.
Regulation of PTEN ubiquitination by Nedd4 and the feedback regulation of Nedd4 by PTEN are similar to regulation of Mdm2 (murine double minute 2)-dependent p53. Expression of Mdm2 is activated by p53 at the transcriptional level [39] , whereas the major function of Mdm2 is to induce p53 proteasomal degradation [40, 41] . Therefore Mdm2 functions as a negative feedback regulator to maintain p53 at a low level and the destabilization of Mdm2 and stabilization of p53 are of importance to provide a potential approach for cancer therapy [42] . Also, the expression of Nedd4 is down-regulated by PTEN at the transcriptional level. Two major differences from the Mdm2-p53 case is that PTEN does not serve as a direct transcriptional factor for Nedd4, and the regulation of Nedd4 by PTEN takes a direction opposite to that of Mdm2 by p53. The function of PTEN as a negative feedback regulator for Nedd4 is summarized in Figure 7 .
In conclusion, the present results expand the roles of PTEN as a feedback regulator for its ubiquitin ligase Nedd4 and their correlation with cell survival and death signalling pathways, establishing a more complex cross-regulation between the two proteins rather than the previously appreciated simple enzymesubstrate relationship. Depending on the phosphatase activity of PTEN in PTEN-mediated effects, our observations now provide interesting new clues towards a better understanding of the role of PTEN.
